A B S T R A C T D-galactose, a monosaccharide rapidly phosphorylated within liver cells, is irreversibly removed from the portal circulation. We have studied the kinetic relations between the hepatic cell entry process and the metabolic sequestration process, by means of the multiple indicator dilution technique. Labeled red blood cells (a vascular indicator), labeled sucrose (an extracellular reference), and labeled galactose were rapidly injected into the portal vein, and from rapidly sampled hepatic venous blood, normalized outflow-time patterns were secured. The labeled red cell curve rises to the highest and earliest peak, and decays rapidly; and that for labeled sucrose rises to a later and lower peak. Its extrapolated recovery is equivalent to that of the labeled red cells. At low blood galactose concentrations, the labeled galactose appears at the outflow with labeled sucrose, but is much reduced in magnitude, and exhibits a long tailing. Its outflow recovery is much reduced. At high blood galactose concentrations, the initial part of the profile increases towards that for labeled sucrose, the tailing becomes much larger in magnitude, and the outflow recovery becomes virtually complete.
A B S T R A C T D-galactose, a monosaccharide rapidly phosphorylated within liver cells, is irreversibly removed from the portal circulation. We have studied the kinetic relations between the hepatic cell entry process and the metabolic sequestration process, by means of the multiple indicator dilution technique. Labeled red blood cells (a vascular indicator), labeled sucrose (an extracellular reference), and labeled galactose were rapidly injected into the portal vein, and from rapidly sampled hepatic venous blood, normalized outflow-time patterns were secured. The labeled red cell curve rises to the highest and earliest peak, and decays rapidly; and that for labeled sucrose rises to a later and lower peak. Its extrapolated recovery is equivalent to that of the labeled red cells. At low blood galactose concentrations, the labeled galactose appears at the outflow with labeled sucrose, but is much reduced in magnitude, and exhibits a long tailing. Its outflow recovery is much reduced. At high blood galactose concentrations, the initial part of the profile increases towards that for labeled sucrose, the tailing becomes much larger in magnitude, and the outflow recovery becomes virtually complete.
We have modeled the uptake of labeled galactose, and find two parts to the predicted outflow pattern, corresponding to our experimental observations: throughput material, which sweeps past the cell surface in the extracellular space; and returning material, which has entered the cells but escaped the sequestration process. Analysis of the data by use of this model provides estimates of both transmenmbrane fluxes and rates of sequestration. The capacity of the process subserving cell entry is found to be 40 times that for phosphorylation; and, whereas the Km value for sequestration is less than 15 mg/100 ml, that for entry is approximately 500 mg/100 ml. Both processes are relatively stereo-INTRODUCTION D-galactose is a hexose which is removed in a net fashion from the circulation by the liver. When the plasma level of galactose is high, the removal rate is constant, and so long as the hepatic blood flow is constant, a constant arterial-hepatic vein difference results; and when the plasma concentration is low (less than 30 mg/100 ml), the extraction is almost complete, i.e., the hepatic venous blood is almost completely cleared of galactose. The extraction of galactose in the lower range is so large (an average of 88% in normal man) that its constant infusion has been used as a basis for the estimation of hepatic blood flow (1, 2) . Underlying these observations are two sets of phenomena: the process of membrane carrier transport subserving the entry of galactose into and its exit from liver cells; and a process of phosphorylation, of conversion via galactokinase, into galactose-1-phosphate, a compound which does not freely pass through cell membranes. This process effectively sequesters and removes galactose from any free intracellular pool. This compound, in turn, is ordinarily rapidly converted to glucose-i-phosphate by the enzyme galactose-1-phosphate uridyl transferase (the enzyme usually deficient in galactosemia (3, 4) ); and this product is metabolized, incorporated into glycogen, or released as free intracellular glucose.
It is our purpose in this paper to explore experimentally the relations between the hepatic membrane transport and intracellular disposal processes for galactose; to use the experimental observations as a guide to the formulation of a model designed to describe the kinetic interactions between the transport of galactose and its intracellular sequestration; and finally to analyze the general implications of the kind of modeling which results from the study of these specific processes. The modeling which we employ is an extension of the general transport model (with no intracellular removal process) which we developed to describe the uptake of 'Rb by the intact liver (5) .
METHODS
We use as our experimental approach the rapid single injection multiple indicator dilution technique (6) . We the values for the labeled sucrose are lower ou the upslope; the l)eak for the curve is lower and is delayed so that it falls beyond the downslope of the labeled red cell curve; the downslope decays more slowly; and recirculation appears later. The labeled red cell and sucrose curves are corrected for recirculation by linear extrapolation on the semilogarithmic plot, in the usual manner (9) . When no galactose has been infused (the left hand panel), the galactose curve consists of a low-in-magnitude early peak, "included" under the sucrose curve, followed by an abbreviated tailing. The galactose tailing does not reach sufficient magnitude to cross the labeled sucrose curve. In the middle and right-hand panels the effects of progressive increase in the serum galactose level are illustrated. In the middle panel the early part of the curve has increased in magnitude and this now blends with a later relatively pronounced tailing, which crosses the primary downslope of the labeled sucrose curve. In the experiment illustrated in the right-hand panel, where the serum galactose is quite high, the curve itself appears to be resolving into two separate parts: a first distinguishable larger peak, contained within the labeled sucrose curve; and a second prolonged component, a later low-in-magnitude tailing which crosses the primary downslope of the sucrose curve.
Those parameters which can be obtained directly from the study are assembled in Table I . These include values for flow, for hepatic perfusion (i.e., for flow per unit weight of tissue), and for the mean transit times for labeled red cells and labeled sucrose. The outflow recoveries of labeled red cells and labeled sucrose are equivalent (the ratio of the area under the labeled sucrose curve to that under the curve for labeled red cells is 1.016±0.045 [SD] ). The manner in which the primary galactose curve may be separated from recirculating label, so that we may obtain recoveries and mean transit times, is not apparent, at this point in the development. It is obvious, however, that the outflow recovery of labeled galactose will be grossly reduced at the lowest serum galactose values.
The discussion of the change in form of the labeled galactose curves after glucose loading and after phlorizin infusion, and the form of the P-methyl galactoside curves is best deferred until we have presented an analysis of the effects of galactose loading.
The use of modeling to analyze the dilution experiments. In order to provide a basis for the interpretation of the results of these experiments, we have developed in the Appendix a model of the kinetic processes involved, the flow-limited distribution of galactose out to the cell membrane, its passage across that membrane, and its intracellular sequestration. The outflow profile is again found to consist of two parts: throughput and returning material (which has entered the cells and returned to the sinusoids). It differs from the case in which there is transport but no sequestration (5)'in the presence of a damping function, which progressively decreases the magnitude of the outflow returning material with time. This last effect is best appreciated by referring to Fig. 10 , a set of computed outflow profiles, in the Appendix. Using this model, we have derived from the interrelation between the experimental curves for the three substances (vascular reference, extracellular reference, and the material both transported and sequestered within' cells) numerical estimates of five parameters: py (the extracellular space ratio), to (the large vessel transit time), ks6/[l+py] (the cellular influx rate constant, multiplied by the ratio of the cellular space to the total space, vascular + extracellular, outside cells), k2/r (the cellular efflux rate constant, divided by the partition coefficient for galactose in cells), and ks/r (the sequestra- the basis of the relationship described by equation 11B. These are then optimized on the computer by minimizing the sum of the squares of the differences between a labeled red cell curve and a labeled sucrose curve, which has been scaled in time and magnitude in the manner appropriate to make it superimpose upon the red cell curve (5) . For this group of experiments, the average relative coefficient of variation for this fitting procedure was 0.082. Since the data were obtained by means of a continuous sampling system, each sample was considered to have been integrated over its collection interval.
Next we need a first approximation to the parameter k16/(1+pey). We expect that the initial samples containing labeled galactose will be composed chiefly of throughput material, and hence (from equations liB and liC of the Appendix) that the initial slope of a plot of the natural logarithm of the ratio of the labeled sucrose to labeled galactose outflow fraction per milliliter vs. time will provide this rough estimate. Plots of the first and third experiments of Fig. 1 , for which blood galactose levels are low and high, respectively, are illustrated in Fig. 2 . For the experiment with the higher galactose level, the initial slope (the approximation to kl'/[+py]) is less than it is for the experiment with the lower galactose level. For the experiment with the low galactose level, the locus on the plot reaches a relatively higher peak and then begins to drop; whereas for the experiment with the high galactose level, a much lower peak is followed by a downslope which crosses the zero ordinate value at the time when the galactose outflow fraction per milliliter crosses the sucrose curve. In addition we need rough initial estimates of the parameters k2/r and k3/r. If we suppose that the galactose transport system is equilibrative (i.e. ki=k2), the ratio [k16/(l+py)]/[k2/r] would be expected to have a value corresponding to rO/(l+py), the ratio of the cellular space to the total space, vascular + extracellular, outside cells. If the extracellular sucrose space is of the order of 10% of liver weight (7) , and the sinusoidal plasma space is of the same order of magnitude, this ratio would be expected to have a value of the order of 3.0. Initial values of k2/r were therefore estimated to be one-third of the initial values for k16/(1+pY); and the initial values for k3/r were approximated by extrapolating from the data of Tygstrup and Winkler (1).
A computed labeled galactose curve was then generated from the labeled sucrose curve, on the basis of the theoretical development outlined in the Appendix, and optimal values for k01/(1+p'v), k2/r, and ks/r were obtained by minimizing the sum of the squares of the differences between the experimental and computed curves. We have used here, as previously (5), the whole of the reliable experimental information (upslope, peak, and early downslope) to calculate parameters. The results of the fitting procedure for the experiments illustrated in the first and third panels of Fig. 1 has entered the cells and escaped the sequestering process, so that it emerges at the outflow). In Fig. 3 the form the curve would have had if no sequestration had occurred is also displayed. Both figures demonstrate that, at the higher galactose level, proportionately more of the labeled galactose emerges as throughput; and the proportion which is sequestered is greatly diminished. Fig. 4 illustrates the relative concordance between the observed and computed galactose curves, when the fit was carried out by use of all the reliable experimental information, that part up to but excluding apparent recirculation. For the whole group of experiments, the average relative coefficient of variation of the fit was 0.045. Beyond the point of recirculation, the computed extrapolation of the fitted galactose curve deviates very largely from the experimental data, for the case with high galactose concentration. In most of the experiments with the higher galactose concentrations, linear extrapolation of the original galactose data on the semilogarithmic plot would have resulted in inordinately large areas under the galactose curve.
The best fit parameters are aggregated in Table II . Changes in the derived parameters with substrate concentration. The transport coefficients kiO/(1+py) and k2/r have the dimensions nil .s ml-l. The foregoing analysis indicates that, in exploring these phenomena, we need the plasma galactose concentration. Our measurements, however, were carried out on whole blood. Since a period of up to 24 h is required for the equilibration in red cell water of monosaccharides added to dog blood (10), we assume here that the galactose infused prior to each experimental run was still largely confined to the plasma space.
Assume that the product of the transport parameter and the corresponding concentration represents an initial velocity of transport (mg. s-.ml [1) Fig. 5 . In the absence of galactose loading, high values for this parameter are obtained. After loading, the value for the parameter k3/r becomes relatively small. The process of sequestration, the phosphorylation, would be expected to obey classical enzyme kinetics. For this parameter the fitting procedure therefore provides an estimate of the input plasma galactose concentration corresponding to the intracellular galactokinase Michaelis constant or Km. This was found to be 32 mg/100 ml; and the maximal derived phosphorylation rate was 0.078 mg s-i (ml accessible intracellular space)-'.
The effect of glucose. Massive glucose loading produces a characteristic change in the labeled galactose outflow pattern (Fig. 6 ). The relation between the peak of the labeled galactose curve and that of the labeled sucrose in this figure compares to that displayed at the highest galactose level (the right-hand panel of Fig. 1 transport system subserving entry into and exit from the liver cells. The behaviour of L-galactose, the mirror image of D-galactose, was explored. In Fig. 8 , the outflow patterns from an L-galactose experiment are displayed. The peak of the labeled L-galactose curve is once again close to that of the labeled sucrose curve in magnitude, but on the downslope the L-galactose curve approaches and crosses the labeled sucrose curve. The material entering the cells returns rapidly and virtually completely to the perfusing blood and to the outflow. The calculated proportion irreversibly sequestrated is almost negligible. The level of D-galactose appears to have no effect on the transport of the labeled L-galactose (see Table II ). The implications of these studies are that the L-isomer enters the liver cells much more slowly than the D-isomer, and that metabolic utilization of this compound is either negligible or very slow.
We have previously shown that P-methyl D-gluCOside is virtually identical to labeled sucrose, in its space of distribution (18) . The outflow pattern for 13-methyl Dgalactoside superimposes on that of P-methyl D-gluCOside. The replacement of the equatorial P-hydroxyl group of the Cl form of the galactopyranoside has resulted in loss of the affinity of the molecule for the galactose transport system. Similarly, the methyl-l-thio-P-D-galactoside is also not transported at a significant rate by the galactose carrier system. DISCUSSION Utility of this approach. This study creates for the first time a methodology directed at separating and quantifying the relative roles of a transport process and an enzymatic intracellular sequestration process, in the disposal of a substance by the liver. The procedures developed will potentially be of use in clinical investigation and provide a basis for the nondestructive in vivo esti-FIGURE 9 The lobular intracellular concentration gradient. Tritium-labeled galactose was injected intravenously in trace dose into a suckling mouse and this liver sample was removed 2 min later. During this short interval a portion of labeled galactose entered the cell, was phosphorylated and isomerized to form galactose-1-phosphate, and was then incorporated into glycogen. During fixation of the tissue the water soluble hexose and hexose-phospliates were washed away and only the glycogen polymer remained behind. The slide was stained with periodic acid-Schiff, which delineates glycogen as pink clumps and an autoradiograph was then developed in an overlying layer of emulsion. There is clearly a large concentration of radioactivity in the area surrounding the portal triads and this decreases in intensity in the direction of the central vein. We wish to express our appreciation to Dr (20) ; and galactose loading produces a major and significant inhibition of the penetration of tracer glucose into the brain (21 ) .
Concentrative uptake of material by the liver, with intracellular removal. Concentrative uptake may occur either because there is a high concentration of binding substance inside the cells, with a high affinity for the transported material (22) , or because of the intrinsic rate constant for return is less than that for entrance (i.e., because the transport process itself is concentrative).
These two possibilities cannot be distinguished by means of a kinetic examination of the uptake process. Either results in a second component, a tail function, which is reduced in magnitude and prolonged in time ; and, concomitantly, in a relative accentuation of the throughput component. If, at the same time, these conditions coexist with a situation in which the rate constant for sequestration is relatively large, the outflow profile may appear to consist almost exclusively of throughput material. Experimentally, the handling of trace doses of sulfobromophthalein has been found to correspond to this case (23) . If, however, a steady infusion of sulfobromophthalein had been administered prior to the tracer study, so that the sequestering process (biliary secretion) became saturated, the return of material from cells to plasma Nvould have been expected to become evident. If, in this situation, the amount of binding substance was experimentally increased (24) , this return to plasma would be expected to be retarded; and the apparent removal rate, to be increased, when it is calculated by use of data collected at times greater than that of a single passage.
The use of the present modeling to describe cxchange across a capillary, with apparently irreversible uptake of the exchanging material by parenchymal cells. If, in the present modeling, we set the extracellular extravascular space equal to zero, and the rate constants for uptake and exit per unit area to a permeability, it may be used to describe exchange across a capillary permeable to the substance under consideration, when the exchanging substance is removed from the extracellular space in a manner which is essentially irreversible over the time being considered. This will occur when the substance being considered is either consumed or removed front the extracellular space in a concentrative fashion by the suirrounding parenchymal cells. Thuss, for instance. the equation will describe the concentrative uptake of labeled Rb+ or K+ by muscle cells, over early times after injection, when essentially none of the label is returning to the extracellular space (see, for example, reference 25) .
Change in the estimated transport parameters Twit/i flow. We previously analyzed the concentrative uptake of labeled Rb+ by the hepatic parenchymal cells (5) . The early labeled Rb+ outflow curves consisted almost completely of throughput material. Fairly reliable values of the parameter kO/(1 + pa) were obtained. Over an approximately fourfold range of flows (0.014-0.062 mls-*g'), no major change in this transport parameter occurred. The liver appears to be fairly uniformly perfused over this range, and no major recruitment of new sintusoids (i.e.. of liver cell transport surface) seems to occur, with increase in flowv. In contrast, the analysis of dilution patterns from the working heart, obtained at varying perfusion rates, has yielded a completely different pattern. As the perfusion is increased, there is a recruitment of capillary surface, and an increase in the permeability surface product subserving exchange (26) . Despite this pattern of response, the spatial distribution of capillary perfusion is such that materials from the working capillaries appear to reach all fibers. The parameter describing uptake of labeled Rb+ at the muscle cell surface does not change with flow, and so the proportion of the muscle cell surface utilized for transport does not appear to vary with flow. The lack of change in transport surface with flow, in the liver, appears to have its parallel in the lack of change in effective muscle cell transport surface with flow, in the heart.
Potential future applications of the present analysis. The modeling applied in this paper to analyze the outflow pattern for galactose can be used to study the simultaneous processes of cellular transport and either metabolic sequestration or biliary excretion. Its application to the analysis of the behavior of compounds undergoing metabolic sequestration is straight forward and has been outlined above. Its application to studies of substances undergoing biliary excretion will be equally simple, if the properties of the compound being excreted are not changed by the process of intracellular conjugation. If a process of intracellular conjugation is part of the metabolic handling of the compound, the kinetics will be somewhat more complex if the intracellular binding of the conjugated compound is different, and if the affinity of the compound for the transport systems subserving cellular entry and exit is different than that of the parent compound. If the changes in these parameters produced by conjugation are minor, they can be neglected, and the present modeling will be applicable.
APPENDIX
The equations for a single sinusoid. Once again (5), consider a sinusoid of length L in which blood flows with a velocity T1, and which is enfolded by an extracellular space, the space of Disse, with which free communication occurs, so that soluble substances in the sinusoidal plasma will undergo flowlimited distribution into this space. In this model let TV = the velocity of flow in the sinusoid; u (x,t) = the concentration in the sinusoid at some point along the length x, at the time t; v(x,t) = the corresponding concentration in the adjacent extracellular space; z(x,t) = the concentration of unsequestered material in the cells, which is potentially able to reappear in the blood; ABC = the volume per unit length for sinusoidal, extracellular space, and cellular space, respectively (they are regarded as constant along the length); B/A = y, and C/A = 0; p,r = the partition coefficients for the substance under consideration in the extracellular space and intracellular space, with respect to the corresponding equilibrium plasma concentration (these parameters describe the relative solubilities of the substance in those phases); and 
We may now formulate an equation describing both the transport of material between the extracellular space and cellular interior, and the sequestration process. Since the transport process may be asymmetric, two transport rate constants will be used. The rate of cellular influx of material is assumed proportional to the product of the cell surface per unit length 0, the length under consideration Ax, the rate constant for uptake per unit area ki' (with dimensions cm s'1), and the product of p'1 and the extracellular concentration v(x,t); the rate of efflux of material to the extracellular space, proportional to the product oAx, the rate constant for exit per unit area k2' (with dimensions cm s'1), and the product of r-I and the cellular concentration z(x,t); and the rate of sequestration, proportional to the product of the uptake rate constant k3, the element of cellular volume CAx, and the product of rand the cellular concentration z(x,t). Whence
where ki = kj'0/C, and k2 = k2'4/C. We will again consider the transport system to be an equilibrative one when ki' = k2', a concentrative one when kl' > k2'. Solution of the equations for a single sinusoid. Once again introduce at the origin (x = 0) of the initially empty sinusoid with the flow F., the quantity of material qo, at the time t = e (a value infinitesimally greater than zero). The relations between the outflow profile for this substance, which is undergoing both transport and sequestration or removal, and those of the reference tracers or a substance undergoing transport but not removal will now be examined. When the substance under consideration is the vascular reference substance (-y = 0 and ki = ka = k3 = 0), the outflow profile is an impulse emerging at the time r. When it is a substance undergoing flow-limited distribution into the' extracellular space (-y finite and ki = k2 = k3 = 0), the profile consists of an impulse function emerging at the time (1 + py)r. When the substance is undergoing only transport but no removal (-y, ki, and k2 finite; k3 = 0) the profile consists of two parts: a first term or "spike", an impulse function emerging at the time (1 + Py)T, which is damped by the term exp(-ki~r); and a second term or "tail function". The first term represents throughput material, material which has swept by the cell surface F. V n!(n -1
XS(t-[1 +pIO). (6B)
Within this expression the first term, describing throughput, is dependent only on the flow and the area of the transport surface. It is independent of the cellular volume and is analogous to the expression developed by Renkin (27) and by Crone (28) to describe the emergence of throughput material from a permeable capillary. The second term, the tail function, is progressively reduced by the sequestration process. Now consider the flow-limited case (k1, k2 approach infinity, while the ratio k1/k2 remains constant; k3 finite). An equivalent form of the transform may be shown to be 
The outflow profile has become a delayed spike, propagating both within the extracellular and cellular spaces, and damped by the intracellular removal process.
functions is unity, when k3 is zero. When k, assumes the values of 0.25 and 0.50 (time units)-', the areas associated with the first impulse function become 0.087 and 0.007, respectively; and for the latter two impulse functions, it becomes virtually zero, in both cases. This illustration is an extension of Fig. 3 of reference 5.
In order to portray the phenomena which we have described above, we have computed on a digital computer a set of illustrations for the case in which -y = 1.0, 0 = 1.0, r = 1.0, the partition coefficients p and r equal unity, and k3 assumes three values: zero, 0.25, and 0.50 (normalized time units)-'.
These are displayed in Fig. 10 . As ki increases the proportion of the response in the tail function increases; and as k, and k3 increase, there is a remarkable change in the shape of this profile.
Conservation of matter in the single sinusoid. When k3 has finite values the total of the material emerging at the outflow is less than qo by the amount sequestered by the cellular uptake process. The total of the material emerging at the outflow is F8 u(L,t)dt In these experiments the labeled galactose has been introduced as a tracer input. At the same time the serum galactose level has been set by use of a prolonged intravenous infusion. If we assume that the serum galactose level has become steady, then it is of interest to examine the expressions for the corresponding steady-state sinusoidal and intracellular concentration profiles, as a function of sinusoidal length, since these represent the background against which tracer exchange is occurring. In each case the expression which we wish is the response to a steady infusion [i.e., a step input, for which U(O,s) = (qo/F,) (1/s)]; and its form at long time (t o).
For the sinusoidal concentration we find u(xoo) = exp -kjr + (9) and for the intracellular concentration, qlo Z(X oo) = '[(k2/r) + (k3/r)] F8 XexP[-( kiO3 )/( + 3) (10) Both profiles decline exponentially. The intracellular profile is proportionately smaller, by the factor (k,/ [k2 + k)
We have illustrated in Fig. 11 the manner in which the interrelations between the transport coefficients affect these profiles. As k1 increases, the stepdown in concentration across the cell membrane becomes proportionately less, for a given k3.
This description of the lengthwise change in intracellular concentration of a substance undergoing metabolic utilization also has a more general connotation. Many substances of metabolic importance are present in the blood in relatively unchanging concentration (e.g., oxygen and some substrates). Their metabolic utilization would be expected to result in a concentration profile leading to those circumstances which produce the now well-documented histological zonation within a liver lobule.
Outflow response from the whole liver. We will continue to use the same simplifying assumptions as we have used in the past (5) , that the large vessel transit times are uniform, and that the distribution of outflow arrival times of the vascular reference substance occurs chiefly as the result of a distribution of sinusoidal transit times. If we define Q(t) = the quantity of material emerging at the outflow per unit time; F = the total flow through the system; C(t) = Q(t)/F, the concentration of material appearing at the outflow; L = the common sinusoidal length (a consequence of the regular quasicrystalline structure of the liver); n( j)d( ) = the proportion of The outflow response for the whole liver consists of two parts, corresponding to the two parts of the single sinusoidal response: throughput material, which sweeps past the liver cells but never enters these cells; and a second term, material which has entered the cells but has escaped the sequestering process, and has later emerged at the outflow.
